Results: Receptor proteins on S. aureus form a multivalent cluster bond with fibronectin, a human protein that coats implants. Conclusion: A more resilient bond is associated with infections observed in vivo. Significance: Normal microbial flora could be screened prior to surgery to determine risk in patients receiving cardiovascular implants.
Indwelling medical devices have had a significant positive impact on human health, and their use is increasing worldwide.
Ironically, these life-saving devices can become the source of infection if bacteria colonize them. The average rate of infection of surgical implants is considerable, 2-40% (1). Furthermore, the incidence of infection of some types of medical devices is increasing at a rate faster than the actual implantation of the devices themselves (2) . Mortality attributable to devicerelated infections is highest among patients with cardiovascular implants, particularly prosthetic heart valves (1, 3) .
Bacterial adhesion to surfaces is the critical initial step in the infection of implanted medical devices. Staphylococcus aureus is currently the leading cause of infections of implanted cardiovascular devices (3, 4) . S. aureus express surface protein receptors called microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) 3 (5) that allow them to adhere to host ligands like fibronectin (Fn). Fn is an extracellular matrix protein that is widely distributed in the tissues of vertebrates and is a potential ligand for a variety of bacterial cells (6) . Fn is also known to coat the surface of implanted materials in contact with the human bloodstream (7, 8) , particularly those that remain in the body for extended periods of time such as cardiac prostheses (1, 9) . The bacterial surface proteins that bind to human Fn are referred to as fibronectin-binding proteins A and B (FnBPA and FnBPB). These FnBPs have been shown to play an important role in S. aureus infection of medical implants in vivo (10, 11) .
In this study, we used atomic force microscopy (AFM) to investigate the binding reaction between an Fn-coated substrate and putative FnBPs on living S. aureus in buffer solution. Experiments were conducted on individual cells from each of 46 different S. aureus isolates obtained from bacteremic patients with cardiac devices. These isolates were grouped according to clinical evidence of S. aureus infection. One group of patients had infected cardiac devices (CDI; n ϭ 26), and the other group of patients had uninfected cardiac devices (CDU; n ϭ 20).
The AFM measurements presented herein complement other recent investigations that utilized techniques such as x-ray crystallography, NMR, and calorimetry (12) (13) (14) to study binding between fragments of Fn and FnBPs. Our force data on actual clinical isolates of S. aureus suggest that molecules of FnBPA and FnBPB, expressed in their native state on living bacteria, form a molecular cluster bond with Fn, and the tensile resilience of this bond determines, at least in part, which patients develop infections on implanted cardiovascular devices.
The dissociation rate constant (k off , s Ϫ1 ) of the Fn-FnBP bond was experimentally determined by measuring the rupture force at different loading rates. The binding mechanism could be modeled with the Bell equation of dissociation modified for multivalent interactions (15) (16) (17) . The effective dissociation rate constant for the CDI isolates was significantly smaller than that of the CDU group (p Ͻ 0.05). This difference was not due to the increased amount of FnBP in CDI isolates, as determined by real-time PCR and Western blots. However, amino acid polymorphisms in FnBPA (E652D, H782Q, and K786N) from CDI isolates appear to explain, at least partially, the increased bond lifetime (1/k off ). This was confirmed by conducting AFM analyses with a synthetic peptide containing two of the three polymorphisms.
EXPERIMENTAL PROCEDURES
Bacteria Isolates and Growth Conditions-Bacterial isolates came from the S. aureus bacteremia registry at Duke University Medical Center (Durham, NC). CDI (n ϭ 26) isolates came from patients with an infected permanent pacemaker, implantable cardioverter defibrillator, or prosthetic cardiac valve. Infection was confirmed microbiologically with a positive culture from a prosthetic device, generator pocket, or electrode lead. Clinical confirmation of infection was assessed by echocardiogram (e.g. vegetations on valve or lead) or diagnosis of infective endocarditis (18) . Cardiac device uninfected (CDU; n ϭ 20) isolates were obtained from the bloodstream of patients in whom there was no evidence of device infection at the time of initial blood culture, in whom the cardiac device was not removed, and in whom there was no evidence of recurrent infection 12 weeks after the onset of bacteremia (or no evidence of device infection at autopsy).
Lower et al. (19) have shown that CDU is a valid control group as it has statistically similar characteristics as the CDI group. For example, demographic attributes of human patients (age, race, sex, time of implantation, type of device) are similar for both CDI and CDU (supplemental Table S1 ). Isolates from both groups share similar ancestral lineage as clonal complex 5, clonal complex 15, and clonal complex 30 account for ϳ50% of all isolates from both CDI and CDU (supplemental Table S2 ). Finally, the CDI and CDU groups have similar genotypic characteristics in terms of 10 MSCRAMM adhesins including, bbp, clfA, clfB, cna, ebpS, efb, icaA, fnbA, fnbB, and map/eap (supplemental Table S2 ).
Cryogenically preserved isolates were cultured to exponential phase (A 600 ϭ 0.51 Ϯ 0.02) at 37°C in tryptic soy broth so that they expressed MSCRAMMs including FnBP (7, 20, 21) . Cell suspensions (ϳ1 ml) were harvested via centrifugation (5000 ϫ g for 3 min), washed three times in saline solution (0.1 M NaCl), and deposited onto clean glass (22) or Fn-coated slides (BD Biosciences). The slides were gently rinsed with phosphate-buffered saline (PBS; pH 7.2) after 5 min. Control experiments were performed with S. aureus DU5883, an fnbA fnbB double mutant that has lost the ability to attach to Fn, as well as strains that overexpress fnbA (DU5883 pFNBA4) and fnbB (DU5883 pFNBB4) (7) .
Quantitative Real-time PCR Analysis of fnbA-Expression of fnbA, the gene for FnBPA, was determined as described by Lower et al. (19) . Briefly, total RNA was isolated from midexponential phase cultures (26 CDI isolates, 20 CDU isolates) using the RNeasy kit (Qiagen). Approximately 2 g of RNA was converted to cDNA using the iScript one-step RT-PCR kit (BioRad). Real-time PCR (RT-PCR) reactions contained 2 l of cDNA, 1 pmol of forward and reverse primers, 8.5 l of nuclease-free deionized water, and 12.5 l of IQ SYBR Green supermix (Bio-Rad). RT-PCR was performed using an iCycler detection system (Bio-Rad). The normalized amount of transcript for each gene was expressed as the n-fold difference relative to the control gene (2
⌬CT
, where ⌬CT represents the difference in threshold cycle between the target gene and the 16 S rRNA gene). Samples were performed in triplicate.
Western Ligand Blots-Surface expression of FnBP in S. aureus was determined as described by Bisognano et al. (23) . Briefly, exponential cultures of isolates (10 CDI isolates, 10 CDU isolates, and their duplicates) were washed twice in PBS, pelleted by centrifugation (10,000 ϫ g, 10 min), and lysed in 1.5 ml of PBS with 1 mM Ca 2ϩ and 0.5 mM Mg 2ϩ containing 20 g/ml lysostaphin, 20 g/ml DNase, and a protease inhibitor mixture (Pierce). Protein concentration was determined by the BCA method (Pierce). The equivalent of 20 g of protein per isolate was separated by SDS-PAGE (12% separating gel) and electroblotted onto polyvinylidene difluoride membranes (Invitrogen).
Membranes were blocked with StartingBlock T20 (TBS) blocking buffer (Invitrogen). Blots were incubated with 30 g/ml Fn for 1 h followed by an anti-N-terminal Fn antibody (1:5,000; Chemicon) for 1 h. The secondary antibody was antimouse IgG coupled to peroxidase (Pierce). Detection was performed with an ECL kit (Pierce). FnBPA and FnBPB were identified by their apparent molecular weights as compared with those of reference strains DU5883 pFNBA4 and DU5883 pFNBB4, respectively (7). DU5883 (7) was used as a negative control. Due to the similar electrophoretic mobilities on SDS-PAGE gels, FnBPA and FnBPB were not discriminated from each other. Therefore, total FnBP concentrations were estimated with densitometry by ImageJ (version 1.45s). Band density values were normalized to the native band expressed on the reference strain DU5883 pFNBA4.
AFM Measurements on Live Bacteria-We used a Veeco/ Digital Instruments Bioscope AFM and Nanoscope IV controller with an attached inverted microscope (Axiovert 200M, Zeiss) as described in Refs. 24 Force measurements were conducted in PBS solution at ambient temperature. An AFM tip was positioned over an S. aureus bacterium by using the inverted microscope attached to the AFM. An Fn-coated probe (tip radius 20 -60 nm, spring constant 0.1 Ϯ 0.06 nN nm Ϫ1 ) (27) was brought into contact with a bacterium and pushed against the cell wall so that each bacterium experienced the same contact force. The probe was then retracted away from the bacterium until complete separation. This process resulted in an approach force curve as well as a retraction force curve.
To ensure specificity and maintain a high level of stringency, retraction force spectra with two or more binding events were considered in this study. Only the final rupture peak (28 -30) was included in the analysis of the Bell parameters (described below). Under this restriction, the percentage of spectra used was Ͻ10% for all S. aureus isolates.
Synthetic Peptides-Two 20-mer synthetic peptides (United Biosystems) were used in AFM experiments according to Ref. 19 . Each peptide was linked to an AFM tip through a covalent bond between gold on the tip and the thiol group of a cysteine added at the C terminus of each peptide (31, 32) . AFM measurements were performed in PBS with both commercially available Fn-coated slides (BD Biosciences) and homemade slides coated with 0.1% Fn-solution.
RESULTS AND DISCUSSION

S. aureus Infections on Cardiovascular
Implants-Due to the increasing rate of cardiovascular device infections over the past decade, the American Heart Association and the European Society of Cardiology have published a list of recommendations regarding the prevention and management of infections caused by bacteria, particularly staphylococci such as S. aureus (33, 34) . The source of such infections is a biofilm, or a sessile community of bacteria living on the surface of an implanted device (35) . Biofilm-based infections are a multistep process that begins with the attachment of bacteria to the surface of the indwelling device.
Although some cardiovascular implants become infected, not all patients with implants develop an S. aureus infection even if bacteria are present in the bloodstream. We have collected bloodstream isolates of S. aureus from bacteremic patients who had permanent pacemakers, implantable cardioverter defibrillators, or prosthetic cardiac valves (n ϭ 46).
Although all of these patients had S. aureus in the bloodstream, only ϳ60% developed an infected device. We hypothesized that these CDI isolates were able to form a stronger, more resilient bond with the surface of a cardiovascular implant, which allowed this group of isolates to form a biofilm-based infection.
In this study, we used AFM to examine the fundamental binding mechanism between a protein-coated substrate (i.e. proxy for implant) and receptor proteins expressed on the outer surface of each of the 46 different bloodstream isolates, which originated from two clinically distinct groups: (i) the CDI group mentioned above (n ϭ 26), and (ii) bacteremic patients whose cardiovascular devices were not infected by the S. aureus present in their blood (CDU; n ϭ 20). By focusing on clinical isolates of S. aureus, as opposed to type-or laboratory-derived strains, we are able to accentuate the relevancy to public health. Furthermore, by conducting AFM measurements on living bacteria, as opposed to purified receptor proteins, we preserve the native structure, orientation, architecture, number, etc. of proteins on the exterior cell wall of S. aureus.
Bond between Human Fibronectin and S. aureus Fibronectinbinding Protein-The binding mechanism that we chose to focus on is the reaction between human Fn and Fn-binding proteins produced by S. aureus. We chose to focus on Fn because it is a host protein that commonly coats the surface of cardiovascular implants and because Fn production is associated with endocardial trauma (1, 20, 35) .
S. aureus produce two well characterized fibronectin-binding proteins (FnBPA and FnBPB). These cell wall-associated MSCRAMMs (5) enable S. aureus to attach to prostheses coated with ligands such as Fn. In fact, the binding reaction between host Fn and S. aureus FnBP is often cited as a critical initial step in prosthetic device infections (10, 11, 36) .
Fn and FnBPs are multivalent binding proteins that react with one another at a number of sites along their lengths (Fig.  1) . The N-terminal type I modules (FI) of Fn are often identified as the binding site for FnBPs on S. aureus (37) . A basic binding reaction was recently presented as a tandem ␤-sheet type of interaction between FI modules at the N terminus of Fn and a series of 11 ϳ40-residue binding sites (FnBPA1 thru FnBPA11) located on FnBPA (12, 14) . This prior work was based on elegant NMR and x-ray crystallography measurements on fragments of Fn and/or FnBP. More recent work with fragments and synthetic peptides of Fn and FnBP has revealed that each of the 11 Fn-binding repeats in FnBPA from S. aureus fall into one FIGURE 1. Structure of human Fn (at top) and S. aureus FnBP. FnBPA (shown here) has 11 Fn-binding repeats, each ϳ40 residues (14) . FnBPB is missing either the second or the third repeat (13) . W, wall-spanning region; M, membrane-spanning region. The bottom panel shows the amino acid (AA) sequence of FnBPA-5 and -9 from the wild-type strain of S. aureus (NCTC 8325). Red letters highlight the location of three polymorphisms (E652D, H782Q, and K786N) that were statistically more common in FnBPA from S. aureus isolated from patients with infected cardiovascular devices (19) .
of two groups, low and high affinity sites (13, 38) . Similar interactions were found between Fn and FnBPB also expressed on S. aureus (13, 38) . It is worth noting that other binding sites have been identified along the lengths of Fn and FnBPs. For example, there is evidence that S. aureus binds to the C-terminal type I and III modules on Fn (39) through FnBPA (40) .
Quantity of Fn-binding Protein Expressed by Clinical
IsolatesBecause we were working with clinical isolates, we confirmed the presence and determined the amount of Fn-binding proteins on the various S. aureus specimens. PCR, as described in Ref. 19 , was used to confirm that all isolates from the two groups had fnbA, the gene for FnBPA; all but four isolates from the CDI group also had fnbB, the gene for FnBPB (supplemental Table S2 ). The quantity of Fn-binding proteins was estimated with RT-PCR of fnbA expression and Western blot analysis. RT-PCR showed no statistical difference in the amount of fnbA expressed by isolates from the CDI versus CDU groups (p value ϭ 0.29; Fig. 2A ). Western blots confirm similar levels of FnBPs on the cell wall regardless of the clinical source of S. aureus (p value ϭ 0.49; Fig. 2B ). Taken together, these results indicate that all clinical isolates used in this study produce comparable levels of FnBPs on their external surface.
Force Spectra of Fn-FnBP Bond-Fn-coated AFM tips were created by incubating a probe in a solution of 100 g/ml Fn. This concentration of Fn was selected because it is close to that found in the human bloodstream (300 -400 g/ml (41, 42)), and other adhesion assays (e.g. optical microscopy counts, microtiter wells, and radiometric assays) have used a similar amount (10 -50 g/ml (36, 43) ). Furthermore, the resulting Fncoated tips produced only rare binding events on clean glass (Ͻ Ͻ30%), suggesting a surface coverage conducive to single molecule work (26) .
Although an Fn tip on glass produced very few binding events (Fig. 3A) , something very different was observed when the Fn tip was used on S. aureus. As shown in Fig. 3A , for both CDI and CDU isolates, we observed distinct, nonlinear unbinding or rupture events of hundreds of piconewtons (10 Ϫ12 N). Such nonlinear, force-distance profiles have been attributed to the forced extension or unfolding of linear polymers such as polypeptides (e.g. see Refs. 44 -46) , in this case, the unraveling of the Fn-FnBP complex.
Control experiments were performed to determine the specificity of these binding events. For example, an uncoated AFM tip did not elicit this response on S. aureus. However, this same type of binding event was observed when an Fn tip was used on strains of S. aureus that overexpress FnBPA or FnBPB (e.g. see Ref. 25) . The frequency of these types of binding events was 0.43 Ϯ 0.13 and 0.40 Ϯ 0.07 for strains of S. aureus 8325-4 that overexpress FnBPA (DU5883 pFNBA4) and FnBPB (DU5883 pFNBB4), respectively. Binding events were significantly diminished (frequency ϭ 0.12 Ϯ 0.02) for a double mutant S. aureus strain (DU5883) that cannot produce either FnBPA or FnBPB. Taken together, this indicates that the AFM is able to probe a specific interaction between Fn and Fn-binding receptors on the surface of the S. aureus clinical isolates, and such interactions take the form of a unique, nonlinear force signature. Furthermore, the magnitude of these force signatures suggests that native FnBP on living cells forms a strong conformational structure when it binds to its ligand, as suggested by circular dichroism spectra, NMR, and x-ray crystallography of purified or recombinant FnBP (14, 37) .
Number of Proteins That Participate in Bond-Force magnitudes near the nanonewton level, like those in Fig. 3A , are too large for single molecular pairs. Rather, they are indicative of multivalent bonds, which is not a surprising finding as one FnBP molecule can bind as many as nine molecules of Fn (47, 48) . The mechanical signature observed in Fig. 3A can be used to estimate the number of proteins that participate in binding, as described by Refs. 16, 17, 49 and 50. This is accomplished by comparing the observed force spectra with a model (e.g. worm-like chain, WLC) describing the forced extension of a linear polymer such as a protein. The WLC model is
where F (newtons) is the force associated with the mechanical extension of a polypeptide to distance x (meters), k B is Boltzmann's constant (1.381 ϫ 10 Ϫ23 J K Ϫ1 ), T is temperature (kelvin), p is the persistence length (0.4 nm for a single protein molecule (45, 51)), and L is the contour length, or extended length of the protein when it breaks free of the AFM tip. Fig. 3B shows the force-extension relationship for one protein chain tethered between the AFM tip and a sample. The observed forces for S. aureus are much greater than the elastic force profile of a single protein. The WLC model can also be used to describe multiple, parallel protein tethers by simply summing individual WLC expressions for each protein molecule (e.g. 10 identical protein chains in parallel exert a force 10 times that of a single chain) (16, 22) . Consistently, protein-stretching traces preceding the rupture event could be described by the WLC as multiple proteins in parallel (Fig. 3B) . Analysis of all retraction curves by the WLC model yielded two modes: one corresponding to ϳ10 and the other to ϳ80 protein molecules linked in parallel between the AFM tip and the surface of an S. aureus bacterium. It is worth noting that simple geometry (i.e. the size of individual Fn molecules (52, 53) , radiometric estimate of the number of FnBPs on S. aureus (20) , and the radius of the AFM tip) predicts that the "reactive region" probed in these experiments contains 9 -166 Fn molecules and 3-74 FnBPs (see supplemental Fig. S1 ).
It is no trivial feat to assign certain force signatures to specific domain(s) of Fn and/or FnBP. This is due to the multimodular nature of these proteins ( Fig. 1 ) and the fact that both Fn and FnBP may unfold. Some information can be gleaned from the contour length of the final rupture event. Supplemental Fig. S2 shows the bond rupture lengths for each group of isolates. Six and seven maxima were observed for the CDU and CDI groups, respectively. Interestingly, of the 10 -11 Fn-binding repeats in FnBP (Fig. 1) , six have been identified as high affinity (13, 38) . The maxima in supplemental Fig. S2 were fitted with Gaussian peaks and have an average ⌬length of 77 Ϯ 12.5 nm. This length scale corresponds to ϳ200 residues, assuming 0.4 nm per amino acid (54). As noted above, the five FI modules that bind to FnBP consist of 225 residues. It is beyond the scope of this study to identify the exact regions of Fn and FnBP that are probed in our AFM experiments. Nonetheless, the "quantum" length scale shown in supplemental Fig. S2 confirms that we are observing the unfolding of distinct binding units along the lengths of each binding protein (i.e. a mechanical force signature).
Determining Whether Rupture Force Varies with Loading Rate-In 1978, Bell (55) published a seminal study that predicted that the unbinding force of a ligand-receptor bond should depend logarithmically on the loading rate of the bond. In this model, an applied force f distorts the energy landscape of a ligand-receptor complex, resulting in a lowering of the activation barrier as follows (56, 57) .
where f is the most probable rupture force (supplemental Fig.  S3) , r is the instantaneous loading rate (N s Ϫ1 ) determined as the product of the slope of the final, nonlinear rupture event (pN/nm) and the velocity of the tip (nm/s) (26, 58) , k off (s Ϫ1 ) is the dissociation rate constant in the absence of the applied force, x ␤ (m) is the potential barrier position, and k B T is 4.1 pN⅐nm at room temperature. After plotting f versus ln r, the unstressed off-rate (k off ) and the separation distance along the reaction coordinate (x ␤ ) are calculated from the abscissa intercept (at f ϭ 0) and the slope of the fitted line, respectively (28, 30) .
Although Equation 2 is ideal for single ligand-receptor pairs, it has been applied to multivalent interactions and bond clusters (e.g. see Refs. 59 -62). Sulchek et al. (16, 17) have shown that Equation 2 can provide an accurate measure of the kinetic off-rate of multivalent interactions by normalizing the loading rate by 1/N b , where N b is the number of bonds. As noted above, our clinical isolates formed bond clusters consisting of ϳ10 or ϳ80 proteins in parallel.
We used this assumption to produce dynamic force spectra for each clinical group (CDI and CDU) and ϳ10-or ϳ80-protein ruptures (Fig. 4A) . The effective kinetic off-rates from these multivalent Fn-FnBP interactions were determined by fitting the spectra to Equation 2 ( Table 1) . As expected, the off-rates dropped with an increase in the number of bonds. These data clearly indicate that one of the main benefits of multivalent interactions is a reduction in k off and corresponding increase in bond lifetime (1/k off ). Additionally, Bustanji et al. (63) determined a bond lifetime of 0.21 s, comparable with the values shown in Table 1 , for a single molecular bond between Fn on an AFM tip and an Fn receptor on Staphylococcus epidermidis.
The effective bond width or "reactive compliance" (x ␤ ), determined by fitting Equation 2 to the lines in Fig. 4A , varied from 0.07 to 0.13 Å for the ϳ10-bond clusters, and from 0.04 to 0.05 Å for the ϳ80-bond clusters. These values are smaller than "typical" values for x ␤ , ϳ1-10 Å (64). This discrepancy is explained quite simply by the fact that multivalent binding decreases x ␤ (65, 66) .
The spread in the rupture force was compared with model predictions that show deviations in the normalized rupture force scale as the number of bonds (15, 16) . Fig. 4 , B--E, show the Gaussian distributions with the width N b ϫ , where is the residual S.D. from the ϳ10-bond case. This analysis provides an additional validation for the multivalent binding model used to estimate k off in our experiments.
A bacterium in a human cardiovascular system is subjected to a range of loading rates in vivo. A mechanical heart valve, for example, experiences loading rates of 700 -3000 mm Hg/s (67), which is equivalent to ϳ0.09 -0.40 pN nm Ϫ2 s
Ϫ1
. In our experiments, this would be similar to loading rates of ϳ100 -4000 pN s Ϫ1 (Fig. 4A) for an AFM tip that has a radius of 20 -60 nm. This suggests that the k off values determined herein are relevant in vivo.
Reason for Different k off in CDI Group-All bacteria used in this study were very similar (e.g. see supplemental Table S2 ). All isolates were the same species expressing the same Fn-binding proteins. However, Table 1 shows that the bond lifetime (1/k off ) for the CDI group was ϳ2 times longer than the CDU isolates. This difference cannot be explained by the quantity of Fn-binding proteins as all groups produced statistically the same amount (Fig. 2) .
This difference could be due to the "quality" of the binding proteins, specifically the primary sequence of FnBPA or FnBPB. In a recent publication, we found three amino acid polymorphisms in FnBPA produced by the CDI isolates: E652D, H782Q, and K786N (19) . All three of these polymorphisms (Fig. 1 ) occur in Fn-binding repeats designated as high affinity (13, 38) . 
TABLE 1
Dissociation rate constants (k off ) and bond lifetimes (1/k off ; ) for ϳ10-and ϳ80-bond clusters of Fn in complex with Fn receptors on living S. aureus These values were determined by probing the binding reaction on 46 different S. aureus isolates. These isolates came from two different groups of human patients, all of whom had cardiovascular implants (e.g. prosthetic heart valve, permanent pacemaker, or defibrillator). One group of patients had S. aureus infection of the implanted cardiac device (CDI), whereas the other group (CDU) did not have an infected device, although S. aureus were present in their blood. p values were calculated with the Student's t test. Therefore, we determined the effective k off for S. aureus that had multiple (2-3) of these polymorphisms in FnBPA versus those that did not (supplemental Fig. S4 ). This was accomplished by simply grouping force data based on the sequence of FnBPA for a particular isolate as opposed to the clinical classification of that isolate (i.e. CDI or CDU). When grouped in this fashion, we found that the relative bond lifetime was ϳ10 times longer for isolates that had at least two of the key FnBPA polymorphisms shown in Fig. 1 .
Binding of Peptides Mimicking FnBR9-A final check was performed to determine whether the polymorphisms in FnBPA could be responsible, at least partly, for the longer bond lifetime. AFM was used to probe the rupture force between an Fn-coated tip and each of two peptides that were identical in sequence to a portion of Fn-binding repeat 9, a repeat that contains two of the three key polymorphisms (H782Q and K786N; Fig. 1 ). The peptide sequences were: VPQIHGQNKGNQS-FEEDTEC and VPQIQGQNNGNQSFEEDTEC. As determined from supplemental Fig. S5 , the bond lifetime (1/k off ) of the double mutant was indeed 2.5 times longer than the "wildtype" peptide lacking these two polymorphisms.
Conclusion-S. aureus are able to form infectious biofilms on implanted cardiovascular devices. This type of infection begins with the formation of a bond between receptors on the cell wall of the bacterium and human proteins, such as Fn, that coat the implant. The strength of this bond is dependent upon its loading rate. AFM was used to directly probe the fundamental binding mechanism between an Fn-coated substrate (i.e. proxy for cardiovascular implant) and Fn-binding receptors on the surface of living S. aureus at loading rates that mimicked physiological conditions.
The interaction between Fn and putative FnBPs does not appear to form a single ligand-receptor pair, but rather, a multivalent cluster bond consisting of ϳ10 or ϳ80 proteins bound in parallel. The dissociation rate constant (k off ) and corresponding bond lifetime (1/k off ) were determined by applying a multivalent version of the Bell equation (Equation 2) to a plot of rupture force versus the log loading rate. A significantly longer bond lifetime (1/k off ) was observed for a group of S. aureus isolates from patients with confirmed clinical infection of implanted cardiovascular devices. This longer bond lifetime could not be explained by increased amounts of FnBP, but rather, the presence of three polymorphisms in high affinity, Fn-binding regions of FnBPA explained, at least partially, the reason cardiovascular implants in the CDI group became infected with S. aureus.
By working with isolates that were actually associated with disease, we have shown a direct link between a fundamental measure of bond strength and the clinical presentation of disease in humans (i.e. biofilm-based infection of implanted medical devices). Additional work is, therefore, warranted on laboratory strains of S. aureus that are engineered to produce different constructs of FnBPs and/or other MSCRAMMs, as well as different ligands. On a more practical level, the risk of biofilm-based infection could be determined by screening the natural flora of a patient prior to surgical implantation of a device. Such as assay could be tailored even further by coating an AFM tip with blood plasma collected from the same patient. 
SUPPLEMENTAL INFORMATION
Supplemental Experimental Procedures
BSA coated AFM tips -As reported in the paper, a number of control experiments were performed to assess the specificity of the AFM measurements. For example, the nonlinear force signature observed for the clinical isolates was distinctly different from (i) nonspecific adhesion observed between Fn and a glass surface, (ii) an uncoated AFM probe and S. aureus, and (iii) a bovine serum albumin (BSA) coated tip and bacterium. BSA, in particular, is often used in control experiments as a ligand that blocks nonspecific interaction (1,2). However, others have reported that BSA suppresses not only nonspecific but also specific interactions in the Fn-FnBP system (3). Therefore, we performed control experiments with seven strains of S. aureus and found no statistical difference in the binding frequency (number of specific binding events) in the absence (only Fn) and in the presence of BSA (Fn-BSA). It was determined then that the effect of BSA was not significant under this study's conditions. Therefore, BSA was not used with the rest of the S. aureus strains. This was advantageous because it allowed us to more closely resemble the conditions of an implanted cardiac device in vivo. That is, the human equivalent of BSA is not found on implanted cardiovascular devices. Rather, Fn is the dominant ligand coating molecule on the surface of implants that remain in the body for extended periods of time (4,5) like cardiac devices. Late Implantation Prosthetic valve 38% (10) 35% (7) Device type † P e r m a n e n t p a c e m a k e r or defibrillator 69% (18) 65% (13) 3 
Supplemental Results and Discussion
